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We review different neutron methods which allow extracting directly the value of the magnetic
induction in thick films: Larmor precession, Zeeman spatial beam-splitting and neutron spin reso-
nance. Resulting parameters obtained by the neutron methods and standard magnetometry tech-
nique are presented and compared. The possibilities and specificities of the neutron methods are
discussed.
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I. INTRODUCTION
Magnetic nanostructures (e. g. thin films, wires, rods,
quantum dots) are at the focus of research today be-
cause they exhibit novel fundamental properties which
are exploited in a broad range of applications. Partic-
ularly, the reduced material volume of low-dimensional
magnetic systems poses real challenges to neutron based
techniques. Therefore, development of new methods for
the characterizations of magnetic structures at nanoscale
is important, especially as new neutron spallation sources
are being built. Neutrons have a magnetic moment, iso-
topic sensitivity and high penetration ability. Therefore
neutron scattering is a powerful method for the inves-
tigation of magnetic materials, polymers and biological
systems and for nondestructive control of materials in
bulk. Polarized Neutron Reflectometry (PNR) [1] is suc-
cessfully used for the investigation of thin magnetic films
of thickness smaller than 100 nm and down to 0.1 nm
[2]. PNR can extract the absolute magnitude and the di-
rection of the magnetization in each thin layer in a mul-
tilayer structure with a high spatial sensitivity of about
0.1 nm in the direction perpendicular to the film surface.
However conventional specular reflectometry cannot eas-
ily resolve thicknesses which are larger than 100 nm and
remains insensitive to the in-plane structures. Never-
theless, the sensitivity to in-plane structures is provided
by off-specular neutron scattering [3]. Scattered Inten-
sity appears in the reciprocal space around the specular
line when a film has in-plane structures in the direction
along the beam propagation, with scales ranging from
600 nm to 60 µm. Grazing Incidence Small-Angle Neu-
tron Scattering (GISANS) [4,5] can be used when the film
has in-plane structures in the direction perpendicular to
the beam path. For this case the momentum transfer
takes place in a scattering plane which is perpendicular
to the incidence plane and provides sensitivity to inho-
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mogeneities in the range 3 to 100 nm. The main pecu-
liarity of the neutron methods mentioned above is that
they do not provide direct information on the magnetic
and structural properties, but rely largely on model de-
pendent algorithms. This means that we cannot retrieve
the structure of the investigated object directly from the
neutron intensity. It is the consequence of the fact that
the phase of the neutron wave function is lost during the
elastic neutron interaction with matter. To describe the
measured reflectivity, a model of the investigated system
must be provided. Then the calculated reflectivity corre-
sponding to this model is compared with the experimen-
tal data. The initial model is further refined until one
model describes best a data set. The best model corre-
sponds to the minimum of difference between calculated
and experimental data. Here we review three different
neutron methods which provide a direct measurement of
the magnetic induction from experimental data: Larmor
precession, Zeeman spatial beam-splitting and neutron
spin resonance (NSR).
II. LARMOR PRECESSION METHOD
The neutron interaction with a magnetic media con-
tains nuclear and magnetic contributions. To extract
a magnetic component which is rather small as com-
pared to a nuclear one, polarized neutrons are used. The
polarization degree of the neutron beam is defined as
P = N
+.N−
N++N− , where N
+ and N− are respectively the
number of neutrons with spin parallel and antiparallel
to the direction of the applied external magnetic field.
The polarization of a fully polarized beam is equal to
±1. The polarization of an unpolarized beam is equal to
0. Partially polarized neutron beams have a polarization
0 < |P | < 1 . The process of decreasing the polarization
degree is termed as depolarization.
The theory of neutron depolarization during its pas-
sage through the magnetic domains was developed by
Halpern and Holstein [6]. Neutron depolarization was
proposed by Rekveldt as a method of investigation of
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FIG. 1: (a) Geometry of the Larmor precession experiment.
(b) Calculated normalized polarization as a function of the
neutron wavelength for the parameters B=1.2 T, d=14.62
µm, α = 60◦. (c) Calculated normalized polarization for the
parameters B=1.2 T and d=14.62 µm and different angles
α. (d) Calculated normalized polarization for the parameters
α = 90◦ and d=14.62 µmand different values of B.
bulk domain structures [7]. This method of depolariza-
tion was widely used in 1980-90s for the investigation of
ferro- and ferrimagnetics and high-Tc superconductors.
Inside a magnetic cluster, Larmor precession of the neu-
tron spin around the vector of local magnetic induction
takes place. From the exponential depolarization curve,
a dispersion of the magnetic induction may be extracted.
This method is however again model-dependent.
The particular case of depolarization at Larmor preces-
sion has been proposed as an experimental method using
time-of-flight (TOF) technique [8,9]. This method was
used for the investigation of magnetic amorphous ribbons
[10]. A similar method using fixed wavelength was used
for the investigation of very soft permalloy films [11,12].
The scheme of the measuring method is presented in
Fig. 1a. A magnetic film is placed under an angle β to the
external applied magnetic fieldH. The angle between the
external applied magnetic field and the average magnetic
induction< B > in the film is α. The neutron path inside
the film is d. The initial polarization P0 is directed along
the applied field H and the angle between the vectors
P0 and < B > is α. The component of the polarization
perpendicular to < B > leads to a Larmor precession
of the neutron spin in the mean internal field ¡B¿. The
Larmor precession frequency depends on the value of the
magnetic induction as ωL = γ < B > , where γn = 1.83×
108s−1T−1 is the gyromagnetic ratio of the neutron. The
angle of Larmor precession in the film is ϕ = ωLt =
γ < B > d/ν, where t is the travelling time along the
path d inside the film for neutrons of velocity ν. From
the expression of momentum, it follows that 1ν =
m
h λ ,
where m is the neutron mass,h is the Plank’s constant
and λ is the neutron wavelength. Thus, the angle of
precession in the neutron wavelength scale can be written
as ϕ = ωλλ , where ωλ = 0.04633 < B > d , with ωλ in
[A˚−1], < B > in [T ], d in [µm]. From simple geometric
considerations, we obtain the following expression for the
case of a uniform magnetic induction < B >= B:
P (λ)/P0(λ) = cos
2 α+sin2 α cosϕ = cos2 α+sin2 α cos (ωλλ)
(1)
In the case of magnetic fluctuations along the neutron
path, additional depolarization coefficients D‖ and D⊥
must be introduced in (1): P (λ)/P0(λ) = D‖ cos2 α +
D⊥ sin2 α cosϕ . In the theory of Halpern-Holstein [4]
the depolarization coefficients are approximated by ex-
ponentials:
P (λ)/P0(λ) = exp (−A1λ2) cos2 α+exp (−A2λ2) sin2 α cos (ωλλ)
(2)
where A1 and A2 are constants depending on the mean
square induction fluctuations < B2‖ > and < B
2
⊥ > ,
and the mean size of inhomogeneities. The experimen-
tal results of measurements on systems with magnetic
inhomogeneities are described in details in [9].
Here we consider the case of a uniformly magnetized
film with a magnetic induction B =< B >. In Fig.
1b, the normalized polarization is calculated as a func-
tion of the neutron wavelength. The parameters for the
calculations are the following: B=1.2 T, d=14.62 µm,
α = 60◦. One can see that the first minimum of the pe-
riodic oscillation dependence occurs at the characteristic
wavelength λ∗. This point corresponds to a precession of
ϕ = ωλλ
∗ = pi . From this condition we can define the
3value of the magnetic induction:
B =
pi
0.04633dλ∗
(3)
From the equation (1) we can extract the angle α as:
cosα =
√
1 + P (λ∗)/P0(λ∗)
2
(4)
In Fig. 1c, the normalized polarization is calculated
for different angles α at B = 1.2 T and d = 14.62 µm
as a function of the neutron wavelength. One can see
that at α = 90◦ (for which the vector of magnetic induc-
tion is perpendicular to the applied magnetic field) the
amplitude of the polarization at the minimum at λ∗ is
maximal. When decreasing α angles, the amplitude is
decreased and becomes zero at α = 0◦ (there is no Lar-
mor precession when the magnetic induction is parallel
to the applied field).
In Fig. 1d, the normalized polarization is calculated for
different values of the magnetic induction B at α = 90◦
and d = 14.62 µm as a function of the neutron wave-
length. One can see that the period of the Larmor pre-
cession is decreasing as B increases.
Let us consider experimental results. A 5µm thick
magnetic film Fe(86 at%)Al(9.6%)Si(4.4%) on a ceramic
substrate which is 10(along the beam)x20x1mm3 was in-
vestigated at the polarized neutron spectrometer SPN-
1 (reactor IBR-2, JINR, Dubna, Russia). IBR-2 is a
pulsed reactor and therefore the TOF technique was
used for these measurements. An external magnetic field
H = 4.5 kOe was applied under an angle β = 70◦ with
respect to the sample surface (see Fig.1a). The angle
between the neutron beam and the sample surface was
20◦. Thus, the path of the beam inside the film was
d = 5/ sin 20◦ = 13.62 µm. The experimental setup was
the following: a neutron polarizer, a spin-flipper of Ko-
rneev type, the sample was placed in the electromag-
net, an analyzer and a 3He gas monodetector [13,14].
The polarizer and the analyzer were made of 5 m long
neutron guides, each consisting of two curved magnetic
mirrors [14,15]. At the exit of the polarizer, the polar-
ized neutron beam is shaped by a narrow vertical slit
of 2.5x100 mm2. The sample was placed also vertically
and masked with a diaphragm of 2.0x15 mm2. The dis-
tances were the following: the distance polarizer-sample
was 3 m, the distance sample-analyzer was 2.27 m, the
distance sample-detector was 8 m, the TOF base was
37 m.
The experimental curves of the normalized polariza-
tion as a function of the neutron wavelength at different
external fields are presented in Fig. 2a. The points are
the experimental data and lines are the calculated curves
for the experimentally obtained parameters. One can see
a minimum at λ∗ corresponding to half the period of Lar-
mor precession. This minimum moves to the left side as
the value of the applied field is increasing. From this
experimental data we extracted directly the value of the
magnetic induction (Fig. 2b) and the angle α (Fig. 2c)
as a function of the applied field value. In low applied
fields of 70 Oe, the magnetic induction vector is directed
parallel to the film plane due to demagnetizing factor
(α = β = 70◦). The point at 4.5 kOe corresponds to the
data for FeAlSi film of the thickness of 20 µm extracted
from the spatial beam-splitting described in section III.
One can see that the beam-splitting data overlap with
the Larmor precession data. The method of Larmor pre-
cession described above can be used for the direct de-
termination of magnetic induction values. In the next
section we will present the method of Zeeman spatial
beam-splitting which takes place at an interface in mag-
netically non-collinear systems.
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FIG. 2: Experimental results by Larmor precession method.
(a) Measured polarization as a function of the neutron wave-
length. (b) Extracted experimental value of the magnetic
induction as a function of the applied magnetic field. (c) De-
fined experimental value of the angle between the vectors of
applied field and magnetic induction in the film.
III. ZEEMAN SPATIAL BEAM-SPLITTING
Zeeman spatial beam-splitting takes place only in mag-
netically non-collinear systems in which there is a sharp
change of orientation between the external applied field
(quantization field) and the magnetic induction in the
magnetic system. Several such experimental situations
are presented in Fig. 3. Magnetic thin films exhibit
large shape anisotropy, forcing the magnetization to be
oriented in the film plane. Thus it is possible to apply
4rather large external fields B0 perpendicular to the film
while the magnetization essentially remains in the film
plane (Fig. 3a). When the film has very large in-plane
anisotropy the external magnetic field B0 may be applied
in the film plane but perpendicular to the anisotropy axis
so that the magnetization and B0 are not collinear (Fig.
3b). In a ripple domain structure (Fig. 3c) there is an
angle between the applied magnetic field B0 and the in-
duction B in the domains. In systems with a perpendic-
ular anisotropy (Fig. 3d), the external magnetic field B0
can be applied in-plane while the vector of magnetiza-
tion M remains essentially perpendicular to the sample
surface.
Spin-flip and beam-splitting at the boundary of two
magnetically non-collinear media were predicted theo-
retically [16] and observed experimentally in a reflection
geometry [17,18]. The theory of spin-flip was developed
in [19]. Beam-splitting at refraction was observed in [20].
The review on experiments with beam-splitting was done
in [21,22]. The Zeeman beam-splitting in domain and
cluster structures was investigated in [23-25].
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FIG. 3: Magnetically non-collinear systems: (a) shape
anisotropy; (b) in-plane anisotropy; (c) domain structure; (d)
perpendicular anisotropy.
Let us consider shortly the principle of the Zeeman spa-
tial beam-splitting. A detailed description can be found
in [22]. A magnetic film with in-plane magnetization is
placed in an external magnetic field B0 which is applied
under an angle β with respect to the sample surface (Fig.
3a). The vector of the magnetic induction in the film is
B. The neutron beam enters to the sample surface under
a glancing angle θi (Fig. 4a). The glancing angle of the
reflected beam is θf . During the reflection, the neutrons
experience a spin-flip which takes place with some prob-
ability depending on the angle α between vectors B0 and
B as W ∼ sin2 α (Fig. 4a).
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FIG. 4: Scheme of the spatial beam-splitting in a homoge-
neous magnetic film when the in-plane component of neutron
wave vector is conserved: (a) reflection from the film; (b)
transmission through a thin magnetic film and refraction in
a nonmagnetic substrate; (c) refraction at a boundary of a
thick magnetic film.
The energy conservation for a spin-flip process from
the initial spin ’+’ to the final spin ’-’ allows writing:
~k2i
2m
+ µB0 =
~k2f
2m
− µB0 (5)
where ki and kf are the incident and reflected neutron
5wave-vectors, µ is the neutron magnetic moment and m
is the neutron mass. The neutron experiences an en-
ergy change equal to 2µB0 which modifies its outgoing
wave-vector kf . Because of the continuity of the in-plane
wave-vector component kix = kfx, the total energy is
transferred on the perpendicular component kz (see Fig.
4a). This change in the scattering wave-vector leads to a
measurable change in the reflection direction off the spec-
ular direction which is easily observable in neutron reflec-
tivity experiments. Note that the neutron wavelength is
also changed (∆k/k = ∆λ/λ ≈ 10−3 ) but this change
is not measurable on conventional instruments. We also
stress that this case of ‘off-specular‘ scattering has a very
different origin from the diffuse scattering due to in-plane
sample microstructures for which the change in the scat-
tering wave-vector Q is due to an in-plane momentum
transfer. We introduce the notations pi,f = ki,f sin θi,f
in order to simplify the mathematical expressions:
~p2i
2m
+ µB0 =
~(p+−f )
2
2m
− µB0 (6)
As a result, an unpolarized beam is split into three
beams at reflection (Fig. 4a):
(θ+−f )
2 = θ2i + 2µB0λ
2 2m
h2
(7)
θ++f = θ
−−
f = θi (8)
(θ−+f )
2 = θ2i − 2µB0λ2
2m
h2
(9)
When the neutron beam is transmitted through a thin
magnetic film and refracted in a thick non-magnetic sub-
strate with the nuclear optical potential U (Fig. 4b), the
energy conservation law gives the following expression for
the ’+-’ spin-flip process:
~p2i
2m
+ µB0 =
~(p+−f )
2
2m
− µB0 + U (10)
In this case, the unpolarized beam is spatially split also
into three beams.
At refraction in a thick magnetic film of nuclear po-
tential V , the unpolarized neutron beam is split into four
beams (Fig. 4c). The energy conservation law is writ-
ten in Eq. (A.1). Using the Eqs. (A.2-A.5), this type
of beam-splitting at refraction on one boundary allows
to extract experimentally three parameters: the external
magnetic field B0, the magnetic induction in the film B
and the nuclear potential V .
In this section we present experimental results on
a thick FeAlSi film Fe(86 at%)Al(9.6 at%)Si(4.4 at%).
The structure of the sample was FeAlSi(20 µ m)/Cr(500
A˚)//CaTiO3(substrate). The size of the sample was
5x20x1 mm3 (5 mm along the beam). The external mag-
netic field 4.5 kOe was applied under an angle β = 70◦
with respect to the sample surface (as in Fig. 3a). The
incident angle was . The incident angular divergence was
0.015◦. The measurements were carried out at the polar-
ized neutron spectrometer SPN-2 (reactor IBR-2, JINR,
Dubna Russia) which is the modernized version of the
spectrometer SPN-1. The experimental setup consisted
of 5 m long polarizing neutron guide [14,15], the first spin-
flipper of Korneev type, the second radiofrequency adia-
batic spin-flipper with large working area of 100 mm in
diameter, the curved multislit supermirror analyzer with
40x40 mm2 window and one-dimensional position sensi-
tive 3He gas detector [13,14] with a spatial resolution of
1.5 mm and a window of 40x120 mm2. The sample plane
was aligned vertically. The scattering plane was horizon-
tal and the analyzer mirrors were also horizontal. The
distances were following: the distance sample-detector
was 8 m and the TOF base was 37 m. The polarizing
efficiency of the long polarizer was dropping from 98 %
at λ = 2 A˚to 35 % at 6 A˚. That is why on the spectra the
incident polarized beam consists of a significant part of
(parasitic) opposite polarization. The multi-slit analyzer
has high polarizing efficiency of 98 % at λ = 2 A˚and 95
% at 6 A˚. The parameters of some parts of this setup can
be found in [14]. The spin-flippers modes UU, UD, DU
and DD correspond to the intensities ’++’, ’+-’, ’-+’ and
’–’, respectively.
In Fig. 5a, the geometry of the experiment is pre-
sented. The polarized neutron beam enters through the
surface, is refracted on the boundary ’vacuum - film’ and
goes out from the edge of the thick film FeAlSi. This tra-
jectory is marked by the index 1. The solid and dashed
lines correspond to the initial spin ’+’ and ’-’, respec-
tively. In Fig. 5b, the calculated trajectories (λ, θf ) are
presented. The symbols correspond to the experimental
data. The experimental parameters B1, B0 and V1 were
extracted from the experimental data using Eqs. (A.2-
A.5). One can see four refracted beams ’-+’, ’++’, ’–’
and ’+-’ between the horizon and the direct beam direc-
tion.
The index 2 marks the beam which enters through the
edge of the thick film, is further refracted and goes out
from the edge of the non-magnetic substrate. The thin
nonmagnetic Cr (500 A˚) film does not disturb the re-
fracted beam. The solid and dashed lines correspond to
the initial spin ’+’ and ’-’ states, respectively. The curves
in Fig. 5b for this trajectory were calculated for the ex-
perimental parameters B2, B0 and (V2 − U) obtained
from Eqs. (B.2-B.5). One can see three refracted beams
below the direct beam direction. The beam ’-+’ for this
trajectory 2 is weakly refracted and close to the direct
beam direction.
In Figs. 5c-f, the neutron intensity of the refraction 1
at the interface ’air-film’ is presented as a function of a
final glancing angle for different states of two spin-flippers
UU, DD, DU and UD. The intensity was integrated over
the neutron wavelength interval from 2.5 to 3.0 A˚. In
Fig. 5c, for the UU state, one can see the large peak
corresponding to the direct beam and the ’++’ refracted
6beam peak marked by an arrow. In Fig, 5d, for the DD
state, one can see the high peak of the direct beam and
the ’–’ refracted beam peak marked by the arrow. For the
spin-flippers state DU, the neutron intensity is shown in
Fig. 5e. The weak peaks ’–’, ’++’ and ’-+’ are marked by
arrows. The main peak is ’-+’. The peaks ’–’ and ’++’
correspond to parasitic neutrons due to the imperfection
of the polarizer and the analyzer. In the region of the
direct beam in Fig. 5e, the neutron intensity is much
higher than for the spin-flippers state UD in Fig. 5f.
It means that the beam ’-+’ of the refraction 2 on the
interface ’film-substrate’ is overlapped by the direct beam
as it is calculated in Fig. 5b. For the spin UD in Fig. 5f,
one can see the weak trace of the direct beam peak, the
main peak ’+-’ and the weak trace of the intensity for
’–’ and ’++’ spin states. Figures 5c-f demonstrate that
an unpolarized neutron beam is split into four beams
at refraction on one boundary of two magnetically non-
collinear media [26].
The experimental two-dimensional map (λ, θf ) is pre-
sented in Fig. 6 for the spin-flippers states UU (a), DU
(b), DD (c) and UD (d). The refracted beams are in-
dicated by arrows and the indices 1 for the refraction
’air-film’ and 2 for the refraction ’film-substrate’. One
can see that the angular beam-splitting increases as the
neutron wavelength increases. The same data in the co-
ordinates (p12i − p2f , p2i + p2f ) are shown in Fig. 6e-h.
This presentation is more suitable for the extraction of
the parameters of the investigated system because of the
refracted beams follow horizontal lines. The experimen-
tal data in Fig. 6e-h are presented in Table I.
TABLE I: Experimental data for refraction 1 and 2.
spin states
p2i + p
2
f , [mm
−2]
1 2
-+ 0.0131
++ 0.0150 -0.0076
– 0.0058 -0.0025
+- 0.0031 -0.0103
Using the experimental data from the table 1 and eqs.
(A.2-A.4), we extracted the parameters of the system
for the refraction 1. For example, for the beam ’+-’ we
calculate:
B0 = 172.3 {|p2i + (p−−f )2| − |p2i + (p+−f )2|} = 0.47 T
B1 = 172.3 {|p2i + (p++f )2| − |p2i + (p+−f )2|} = 1.28 T
In the same way, we can use the beam ’-+’. For the
nuclear potential of the magnetic film:
V1 = 1.039×103{|p2i +(p++f )2|+|p2i +(p−−f )2|} = 169 neV
The angular resolution of the incident beam is ∆θ/θ =
5%. We estimate the accuracy of the extracted parame-
ters as 10 %. The values of the experimental parameters
extracted from the refraction 1 are presented in the Ta-
ble II. The tabulated calculated nuclear potential of the
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FeAlSi film is 187 neV. One can see that the magnetic
parameters B0 and B1 coincide for the beams ’+-’ and
’-+’ and nuclear potential V1 is close to the calculated
value inside the error bars.
TABLE II: Extracted values for refraction 1 ’-+’ and ’+-’.
parameter +- -+
B0,T 0.47(5) 0.45(5)
B1,T 1.28(13) 1.26(13)
V1,neV 169(17)
The parameters extracted from the refraction 2 using
eqs. (B.2-B.4) are presented in Table III. One can see
that parameter B0 is close to the applied external mag-
netic field. The value of the magnetic induction is close
the value for the refraction 1. It means that the mag-
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FIG. 6: (a)-(d) Experimental two-dimensional map of inten-
sity for the different spin-flippers states UU, DD, DU and UD.
(e)-(h) Experimental two-dimensional map of intensity in the
coordinates (p2i − p2f , p2i + p2f ) .
nitude of the magnetic induction is the same at the two
interfaces of the FeAlSi film, i.e. this film is magneti-
cally homogeneous. If we add the tabulated calculated
nuclear potential of the CaTiO3 substrate 86 neV to the
extracted experimental value (V2−U) we obtain the value
of the FeAlSi film nuclear potential V2 = 190 neV. And
this value is close to the tabulated potential 187 neV.
In the section II, we presented the parameters of the
similar film FeAlSi (but 5 µm thickness) extracted from
the Larmor precession method. The value of magnetic
induction (see Fig. 3b) for an applied field 4.5 kOe is
equal to 1.23 T. Thus, the methods of the Larmor pre-
cession and the Zeeman spatial beam-splitting give the
TABLE III: Extracted values for refraction 2.
parameter value
B0,T 0.47(5)
B1,T 1.34(13)
V2 − U ,neV 104(10)
same value of the magnetic induction for the same mate-
rial FeAlSi of the thick films.
In these two sections we have considered uniformly
magnetized saturated films. In the next section, we will
present a method for the investigation of a domain struc-
ture in a non-saturated magnetic film placed in a low
external oscillating field.
IV. NEUTRON SPIN RESONANCE
Neutron spin resonance takes place during the pas-
sage of neutrons through an oscillating magnetic field. In
this system, the neutron spin flip probability has a res-
onant behaviour when the Larmor precession frequency
of the neutron spin in a constant magnetic field coin-
cides with the frequency of the rotating one. Neutron
spin resonance in oscillating magnetic fields was consid-
ered theoretically in [27,28]. This phenomenon was used
for the experimental measurement of neutron magnetic
moment [29] and was applied to fabrication of resonant
spin-flippers [30], which have been successfully used in
neutron experiments till nowadays.
Neutron spin resonance in matter was considered the-
oretically in [31,32] and observed experimentally in [33].
The theoretical investigations of the magnetic layered
structures placed in crossed constant and oscillating mag-
netic fields were reported in [34-36].
The experiment was conducted at the polarized neu-
tron reflectometer NREX (Forschungs-neutronenquelle
Heinz Maier-Leibnitz, FRM II, Garching near Munich,
Germany) with a sample plane oriented horizontally. The
sample was a 500 nm thick permalloy film deposited on
a Si substrate which was 25x25x1 mm3. Permalloy (Py)
stands for the magnetic alloy Fe(20.6 at. %)Ni(79.4 at.
%). A supermirror polarizer in transmission mode pro-
vided a polarized incident beam of 97 %. A Mezei type
spin-flipper with 100 % efficiency was used. A 3He two-
dimensional position-sensitive detector with a 3 mm spa-
tial resolution was used. The neutron wavelength was
4.26 A˚(1 % FWHM resolution). The angular resolution
of the incident beam was 0.006Aˆ◦. The distance between
the first collimating slit and the sample was 2200 mm.
The distance ’sample-detector’ was 2500 mm.
A radio-frequency generator (Rohde&Schwarz
SMC100A) and a power amplifier (100 W CW, Amer-
ican Microwave Technology M3200/M3000) were used
to create an oscillating field in a resonant LC circuit.
The adjustable capacity could be varied in the range
5-100 pF. The magnetic coil had a length of 50 mm, a
8cross-section of 5x30 mm2, and consisted of 50 turns of
1 mm diameter Cu wire.
The geometry of the experiment is shown in Fig. 7a,b.
The polarized neutron beam enters the sample surface
under a fixed incidence angle αi = 0.4
◦ and is reflected
at an angle αf . The sample was placed inside a small
radiofrequency coil which produced the oscillating mag-
netic field H1(t) = H1 cos(ωt) directed parallel to the
beam path. The amplitude of the oscillating field was
equal to H1=10 Oe and its frequency could be swept
in the interval 28-30 MHz. A constant magnetic field
H0=20 Oe was produced by an electromagnet and was
directed perpendicular to the scattering plane. The spin
of the incident beam was parallel (up or ’+’) or antipar-
allel (down or ’-’) to the constant magnetic field.
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FIG. 7: Experimental scheme of neutron spin resonance mea-
surements. (a) Arrangement of the radiofrequency coil. (b)
Geometry of the reflection of the beam from the sample.
The hysteresis loop of the sample measured by a Vi-
bration Sample Magnetometer (VSM) is presented in
Fig. 8a. The film was saturated at 2 kOe and the
magnetization was equal to M=9.5 kG. The reflectiv-
ity curves in Fig. 8b,c were measured on a polar-
ized neutron reflectometer PRISM (reactor ORPHEE,
LLB, Saclay, France). The neutron wavelength was
4.0 A˚(0.37 A˚FMHW) and the incident angularresolution
was 0.04◦. The fit (lines) was done by the program Simul-
Reflec [37]. The fit result U = 211.2 neV for the nuclear
potential corresponds to 89 % of the theoretical value
U = 237.3 neV for the nominal sample stoichiometry
Fe(20.6 % at.)Ni(79.4 % at.). In a low external field 20
Oe the film was partially magnetized and the fitted mag-
netization was of M=4.0 kG (Fig. 8b). In a high external
field of 4.4 kOe (Fig. 8c) the film was saturated and had
a magnetization value equal to M=9.0 kG. The dashed
line corresponds to q = 2pi sin(αi)/λ = 0.01025 (A˚
−1) as
at the measurements on NREX reflectometer.
The specularly reflected beam intensity (for 20 s) as
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FIG. 8: Characterization of the permalloy (500 nm) film: (a)
VSM data; (b) neutron reflectivity at 20 Oe applied field; (c)
neutron reflectivity at 4.4 kOe applied field.
a function of an applied field frequency is shown in Fig.
9. The upper row shows the intensity integrated over
the specular peak width αf = 0.388 − 0.455◦. The bot-
tom row shows the intensity at a specular peak maxi-
mum. The left and right columns correspond to spin up
and down, respectively. One can see a resonance min-
imum centered at fres = 26.2 MHz with a FWHM of
∆f/fres = 7.7%. The respective resonance deep (nor-
malized on the counts outside the resonance) consists of
for spin up: 18.7 ± 2.7 (%) for the integrated count and
54.0±5.3 (%) for the maximum. For the spin down case,
it is 16.4± 4.4 (%) and 56.2± 8.3 (%) for the maximum
signal. One can see that the resonance dip for spin up
and down coincide in resonance frequency within the er-
ror bar.
At the neutron magnetic spin resonance, the frequency
of oscillating magnetic induction in the permalloy film
(which is the frequency of the applied external magnetic
field fres = 26.2 MHz is equal to the frequency of Lar-
mor precession of neutron spin around the vector of mag-
netic induction with magnitude B: fL = γB , where
γ = 2µ/~ = 2916G−1s−1 , µ is the magnetic moment of
the neutron, and ~ = h/(2pi) is the reduced Planck con-
9stant. The resonance frequency fres = 26.2 MHz found
in our experiments corresponds to Larmor precession in
a magnetic induction of B = 9.0 kG. Note that the bias
external field was about 20 Oe, therefore the sample ex-
hibits a magnetic domain state. For this non-saturated
magnetic state, the measured value of magnetic induction
is close to the saturated magnetization 9.5 kG obtained
by VSM and coincides with the magnetization 9.0 kG
fitted from a reflectivity curve measured in a high mag-
netic field 4.4 kOe. At contrast, for non saturated mag-
netic states the polarized neutron reflectometry method
measures the projection of the magnetization on the di-
rection of the applied field averaged over the ensemble
of the domains. As a result, the reflectometry method
provides a reduced magnetization of 4.0 kG in the non
saturated magnetic state for the same external applied
field of 20 Oe. It is then clear, that the neutron spin
resonance method derives the saturated magnetization
9.0 kG in the magnetic non saturated state, through the
maximization of the spin-flip probability when the ex-
ternal oscillating field frequency matches to the Larmor
precession.
 
FIG. 9: Specular reflection intensity as a function of the fre-
quency of the oscillating applied magnetic field.
Thus, the method of reflectometry provides a measure
of an averaged magnetization in a non-saturated state
while the method of neutron magnetic spin resonance
can measure the magnetic induction in individual do-
mains even in a non-saturated state of the film. This
possibility can be used for investigation of complex mag-
netic structures using neutron magnetic spin resonance.
The accuracy of this method is defined by the width of
the resonance (4.6 % FWHM) which depends on the re-
flectometer resolution and also on the properties of the
material.
V. CONCLUSIONS
We have presented three neutron scattering methods
which allow the determination of the magnetic induction
in absolute value in magnetic films: the Larmor preces-
sion, the Zeeman spatial beam-splitting and the neutron
spin resonance. For the Larmor precession and the beam-
splitting we have compared experiments performed on
similar films of the same material FeAlSi. We have shown
that these films are homogeneous and uniformly magne-
tized. The neutron methods have the advantages that
they have the potential to provide information about the
homogeneity of the magnetization of the film through its
thickness. The refraction method in particular can easily
identify differences in magnetization at the top or bot-
tom interfaces of a system. Besides, the neutron beam-
splitting method presented here is not sensitive to the
thickness of the film and thus an accurate knowledge of
the film thickness is not necessary in contrast to bulk
magnetometry. Such techniques could find applications
to the study of thick films of permanent magnets. The
neutron spin resonance was used for the investigation of
a non-saturated magnetic film. The magnetic state of the
film was characterized by polarized neutron reflectometry
and VSM which are averaging methods over an ensem-
ble of the magnetic domains. The method of neutron
spin resonance provides the value of magnetic induction
inside an individual magnetic domain. This is a unique
way of obtaining such quantitative information on the in-
duction value compared to other techniques such as Kerr
microscopy or MFM.
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Appendix A. Refraction ’vacuum-film’
~p2i
2m
+ µB0 =
~(p+−f )
2
2m
− µB1 + V1 (A.1)
(p+−f )
2
= p2i −
2m
~
[V1 − µ(B0 +B1)] (A.2)
(p−−f )
2
= p2i −
2m
~
[V1 + µ(B0 −B1)] (A.3)
(p++f )
2
= p2i −
2m
~
[V1 − µ(B0 −B1)] (A.4)
(p−+f )
2
= p2i −
2m
~
[V1 + µ(B0 +B1)] (A.5)
(θ+−f )
2
= θ2i −
2m
~
[V1 − µ(B0 +B1)]λ2 (A.6)
(θ++f )
2
= θ2i −
2m
~
[V1 − µ(B0 −B1)]λ2 (A.7)
(θ−−f )
2
= θ2i −
2m
~
[V1 + µ(B0 −B1)]λ2 (A.8)
(θ−+f )
2
= θ2i −
2m
~
[V1 + µ(B0 +B1)]λ
2 (A.9)
Appendix B. Refraction ’film-substrate’
~p2i
2m
+ µB2 + V2 =
~(p+−f )
2
2m
− µB1 + U (B.1)
(p+−f )
2
= p2i +
2m
~
[(V2 − U) + µ(B2 +B0)] (B.2)
(p++f )
2
= p2i +
2m
~
[(V2 − U) + µ(B2 −B0)] (B.3)
(p−−f )
2
= p2i +
2m
~
[(V2 − U)− µ(B2 −B0)] (B.4)
(p−+f )
2
= p2i +
2m
~
[(V2 − U)− µ(B2 +B0)] (B.5)
(θ+−f )
2
= θ2i +
2m
~
[(V2 − U) + µ(B2 +B0)]λ2 (B.6)
(θ++f )
2
= θ2i +
2m
~
[(V2 − U) + µ(B2 −B0)]λ2 (B.7)
(θ−−f )
2
= θ2i +
2m
~
[(V2 − U)− µ(B2 −B0)]λ2 (B.8)
(θ−+f )
2
= θ2i +
2m
~
[(V2 − U)− µ(B2 +B0)]λ2 (B.9)
